We analyze the decays {h 0 , H 0 , A 0 } →sb within two Higgs Doublet Models with Natural Flavor Conservation (2HDM) type I and II. It is found that the Higgs bosons decay into bottom-strange can lead to a branching ratio in the range 10 −4 → 7×10 −4 for small tan β ≈ 0.3 and rather light charged Higgs for both 2HDM-I and 2HDM-II. When tan β > ∼ 1, one can easily reach a branching ratio of the order 10 −5 . In 2HDM-II, if we impose b → sγ constraint, we obtain Br(h 0 →sb) of the order 10 −5 -10 −6 . A comparaison between the rates of h 0 →sb and h 0 → γγ is made. It is found that in the fermiophobic scenario, h 0 → γγ is still the dominant decay mode.
Introduction
One of the goals of the next generation of high energy colliders, such as the large hadron collider LHC [1] or the linear collider LC [2] or muon colliders, is to probe top flavor-changing neutral couplings 'top FCNC' as well as the Higgs flavor-changing neutral couplings 'Higgs FCNC'. FCNC of heavy quarks have been intensively studied both from the theoretical and experimental point of view. Such processes are being well established in the Standard Model (SM) and are excellent probes for the presence of new physics effects such as Supersymmetry, extended Higgs sector and extra fermions families.
Within the SM, with one Higgs doublet, the FCNC Ztc vanishes at tree-level by the GIM mechanism, while the γtc and gtc couplings are zero as a consequence of the unbroken SU(3) c × U(1) em gauge symmetry. The Higgs FCNC Htc and Hsb couplings also vanish due to the existence of only one Higgs doublet. Both top FCNC and Higgs FCNC are generated at one loop level by charged current exchange, but they are very suppressed by the GIM mechanism. The calculation of the branching ratios for top decays yields the SM predictions [3] , [4] : Br(t → Zc) = 1.3 × 10 −13 , Br(t → γc) = 4.3 × 10 −13 , Br(t → gc) = 3.8 × 10 
While for Higgs FCNC, calculation within SM leads to:
Br(H →sb) ≈ 10 −7 (resp 10 −9 ) m H = 100 (resp 200) GeV
Br(H →tc) ≈ 1.5 × 10 −16 (resp 3 × 10 −13 ) m H = 200 (resp 500) GeV (2) Many SM extensions predict that these top and Higgs FCNC can be orders of magnitude larger than their SM values. For the Higgs FCNC, an important class of models where Higgs FCNC appear at tree level are the so called two Higgs Doublet model without Natural Flavor Conservation (NFC) 2HDM-III [5, 6, 7, 8] . In this class of models, the branching ratio of h →tc can be larger than 10% in some cases [6] . In the framework of 2HDM with NFC type I and II, top and Higgs FCNC have been studied in [9] . It was shown that in 2HDM-II the Br(Φ →tc), Φ = h 0 or H 0 , may reach 10 −5 for CP-even states. This rate is almost eight orders of magnitude larger than the SM one. Recently, Higgs FCNC couplings have been addressed also in supersymmetry [10, 11, 12] . In those studies it has been shown that Br(h 0 →sb) can be in the range of 10 −4 -10 −3 . This rate originates mainly from the flavor violation interactions mediated by the gluino [10, 12] .
Hence, Higgs FCNC offer a good place to search for new physics, which may manifest itself if those couplings are observed in future experiments such as LHC or LC [1, 2] . Therefore, models which can enhance those FCNC couplings are welcome.
The aim of this paper is to study Higgs FCNC couplings such as Φ →sb, Φ = h 0 , H 0 , A 0 , in the framework of NFC two Higgs Doublet Models type I and II. It is found that the branching ratios of Br(Φ →sb), Φ = h 0 , H 0 , A 0 , can be greater than > ∼ 10 −5 in quite a substantial region of the 2HDM parameter space. Br(Φ →tc) requires large tan β and light charged Higgs [9] while Br(Φ →sb) requires rather small tan β together with light charged Higgs and large soft breaking term λ 5 .
The paper is organized as follows. In the next section, the 2HDM is introduced. Relevant couplings are given, and theoretical and experimental constraints on 2HDM parameters are discussed. In the third section, we will study the effects of 2HDM on Br(Φ →sb) which are evaluated in 2HDM-I and 2HDM-II. Our conclusion is given in section 4.
The 2HDM
Two Higgs Doublet Models (2HDM) are formed by adding an extra complex SU(2) L ⊗ U(1) Y scalar doublet to the SM Lagrangian. Motivations for such a structure include CP-violation in the Higgs sector and the fact that some models of dynamical electroweak symmetry breaking yield the 2HDM as their low-energy effective theory [13] .
The most general 2HDM scalar potential which is both SU(2) L ⊗ U(1) Y and CP invariant is given by [14] :
where Φ It is possible to write the λ i in terms of physical scalar masses, tan β, α and λ 5 (see [15] for details). We are then free to take as 7 independent parameters (λ i ) i=1,..., 6 and tan β or equivalently the four scalar masses, tan β, α and one of the λ i . In what follows we will take λ 5 as a free parameter as well as the physical masses and mixing.
We list hereafter the Feynman rules in the general 2HDM for the trilinear scalar couplings relevant for our study. They are written in terms of the physical masses, α, β and the soft breaking term λ 5 :
We need also the couplings of scalar boson to a pair of fermions both in 2HDM-I and 2HDM-II. In those couplings, the relevant terms are as follows:
In this analysis, we take into account the following constraints when the independent parameters are varied. From the theoretical point of view: i) The contributions to the δρ parameter from the Higgs scalars [16] should not exceed the current limits from precision measurements [17] : |δρ| < ∼ 0.001. We stress in passing that in order to satisfy the δρ constraint we take M H ± = M A which gives λ 4 = λ 6 . It is easy to show that when M H ± = M A the extra contribution to δρ vanish. Under this constraint the 2HDM scalar potential is O(4) symmetric [18] . In this case (H + , A 0 , H − ) form a triplet under the residual global SU(2) of the Higgs potential. It is this residual symmetry which ensures that ρ is equal to unity at tree level.
ii) From the requirement of perturbativity for the top and bottom Yukawa couplings [19] , tan β is constrained to lie in the range 0.1 ≤ tan β ≤ 70.
iii) It has been shown in [20] that for models of the type 2HDM-II, data on b → sγ imposes a lower limit of M H ± ≥ 280 GeV. In type I 2HDM, there is no such a constraint on charged Higgs mass [20] . In our numerical analysis we will ignore this constraint in order to localize regions in the 2HDM parameter space where the branching ratios are sizeable. iv) Unitarity and perturbativity constraints on scalar parameters: It is well known that the unitarity bounds coming from a tree-level analysis [21, 22] put severe constraints on all scalar trilinear and quartic couplings. The tree level unitarity bounds are derived with the help of the equivalence theorem, which itself is a high-energy approximation where it is assumed that the energy scale is much larger than the Z 0 and W ± gauge-boson masses. We will use, instead of unitarity constraints, the perturbativity constraints by assuming that all λ i satisfy:
Those perturbative constraints on the λ i allow us to investigate a larger parameter space than the one allowed by unitarity constraints. We would like to mention also that when performing the scan over the 2HDM parameter space, we realize that for some points the widths Γ Φ of the scalar particles become bigger than their corresponding masses:
. This happens both when we impose tree level unitarity constraints and/or perturbativity constraints. The width becomes large specially when the pure scalar decays like
We find it is natural to add to the above constraints the requirement that the width of the scalar particles remains smaller than the mass of the corresponding particles:
From the experimental point of view, the combined null-searches from all four CERN LEP collaborations derive the lower limit M H ± ≥ 78.6 GeV (95% CL), a limit which applies to all models in which BR(H ± → τ ν τ )+ BR(H ± → cs)=1. For the neutral Higgs bosons, OPAL collaboration has put a limit on h 0 and A 0 masses of the 2HDM. They conclude that the regions 1 < ∼ M h < ∼ 44 GeV and 12 < ∼ M A < ∼ 56 GeV are excluded at 95% CL independent of α and tan β [23] . For simplicity we will assume that all scalar particles masses are > ∼ 100 GeV. 3 Higgs FCNC in 2HDM
Higgs FCNC in SM
Before presenting our results in 2HDM, we would like to give the Branching ratio of H →tc and H →sb in the SM. To our best knowledge, the first calculation for Br(H →sb) has been carried out in [24] . However, in [24] , numerical results have been given only for a very light Higgs boson M H = 9 GeV. Recently a new estimation, using dimensional analysis and power counting, has appeared both for Br(H →sb) [12] and Br(H →tc) [9] . Here we present exact result based on diagrammatic calculations both for Br(H →sb) and Br(H →tc). We give numerical results for the width as well as for the branching ratio. The Feynman diagrams contributing to those process in SM are depicted in Fig .(1 
The full loop calculation presented here is done with the help of FormCalc [25] . FF and LoopTools packages [26] are used in numerical analysis. The numerical results shown in eqs. (1,2) is derived by FormCalc [25] .
In the SM, as expected, the branching ratio of H →tc and H →sb are very suppressed due to GIM mechanism. The branching ratio is very small in both cases for higher [27] .
For a Higgs mass heavier than 250 GeV, we get branching ratio of the order 10 −14 → 10 −12 (resp 10 −10 → 10 −9 ) for H →tc (resp H →sb). In the case of H →sb, the branching ratio is enhanced for Higgs boson mass of the order M H ≈ 100 → 120 GeV where the width of the Higgs is very narrow. We have plotted in Fig. (2) both the decay width and the branching ratios of H →tc (left plot) and H →sb (right plot) as well as the branching ratio of H → µ + µ − . As it can be seen from the right plot Br(H →sb) is two orders of magnitude smaller than Br(H → µ + µ − ).
h 0 →sb
Turning now to the 2HDM Higgs bosons FCNC couplings Φ →sb, Φ = h 0 , H 0 , A 0 . The Feynman diagrams are depicted in Fig. (1) . The amplitude is sensitive to the ΦH + H − and ΦH ± G ∓ couplings through diagrams d 12,13,14 as well as to the Φtt and (H −b t) L,R couplings through diagrams d 11, 12, 13, 14 . It is clear from equation (9) that the top effect is enhanced for small tan β in the case of CP-odd A 0 boson. While in the case of CP-even H 0 and h 0 , the couplings are enhanced at small tan β and large sin α (resp large cos α) for H 0 (resp h 0 ). Consequently, our numerics are presented for small tan β = 0.3, sin α = 0.1 for h 0 →sb and sin α = 0.95 for H 0 →sb. We show in Fig. (3) at 110 GeV, only light fermions contribute to Γ h 0 and so the width is very narrow and is of the order 57 × 10 −4 (resp 83 × 10 −5 GeV) at tan β = 0.3 (resp tan β = 1.5). Such narrow width could enhance the branching ratio Br(h 0 →sb). We would like to mention first that for this set of parameters, the perturbativity of scalar quartic couplings λ i is violated around λ 5 > ∼ 5.5. We get |λ 1 | > 4π for tan β = 0.3, while for tan β = 1.5 there is no such bound.
Large branching ratios can be obtained for light charged Higgs mass. This can be seen in the left panel black and blue areas of Fig. (3) which correspond to small tan β = 0.3 and large |λ 5 |. In those areas the coupling h 0 H + H − gets its largest value (see also Fig. (4) . In this case one can obtain branching ratio in the range: 10 −4 < Br(h 0 →sb) < 6 × 10
for M H± < 200 GeV , λ 5 < ∼ −1.2 and λ 5 > ∼ 3. For charged Higgs mass greater than 200 GeV, there is also a region where the branching ratio can be in the range 10 −5 → 10 −4 . This can be achieved by taking large and negative λ 5 < ∼ −1. In the case of positive λ 5 and M H± > ∼ 250 GeV, the branching ratio decreases to a value < ∼ 10 −5 . When tan β = 1.5, the coupling h 0 tt is reduced, and we are left only with a small region where the branching ratio Br(h 0 →sb) is of the order 10 −5 → 10 −4 for M H± < ∼ 250 GeV and large |λ 5 | > ∼ 5. In both plots (left and right), the coupling h 0 H + H − reaches its minimal value in the region where λ 5 ≈ 0 → 2, which explains why the branching ratio is so small in this region. It is well known that the decay h 0 → γγ is loop induced and so is suppressed. In the SM the branching ratio Br(H SM → γγ) is about ≈ 10 −3 for Higgs mass in the range M H = 100 → 160 GeV. Hence, with maximum branching ratio for h 0 →sb of the order We illustrate in Fig. (4) the branching ratio for h 0 →sb and h 0 → γγ both in 2HDM-I and II. The charged Higgs mass is fixed to 100 GeV. It is clear that in the case tan β = 0.3 h 0 → γγ is about one order of magnitude bigger than h 0 →sb. While, in the case of tan β = 5 h 0 → γγ is more than four orders of magnitude bigger than h 0 →sb. This is because at tan β = 0.3 (resp tan β = 5) the W loop are supressed by a factor
Can h
All the dips observed in the plots correspond to the minimum of the coupling h 0 H − H + . Those dips are not located at the same λ 5 , this is due to a destructive interference with others diagrams. An interesting feature of the 2HDM-I, is its fermiophobic limit. The light CPeven Higgs h 0 of the 2HDM-I is fermiophobic in the limit α → π/2, all h 0 couplings to fermions vanishe for α = π/2 [28, 14] . If h 0 , with a mass in the range 100 → 160 GeV, is fermiophobic the dominant decay mode is h 0 → γγ. It has been shown in Ref. [29] that in the fermiophobic limit, the branching ratio of the one loop induced decay h 0 → bb * is below 10% → 30%. As the decay h 0 →sb is concerned, we have checked by general scan that in the fermiophobic limit, the decay width of h 0 → γγ is more than one order of magnitude bigger than the width of h 0 →sb. * In fact, in the 2HDM, not only the coupling h 0 γγ and h 0 γZ [30] can have non decoupling effects, but also one loop contribution to h 0 bb [31] and h 0 h 0 h 0 [32] .
H 0 →sb
We now discuss the heavy CP-even decay H 0 →sb. Our numerical results are shown in Fig. (5) . To maximize the coupling H 0t t, we choose of course small tan β ≈ 0.3 and large sin α ≈ 0.95. In the right plot of figure (5) t) R are proportional to M t / tan β. Hence enhancement is expected at small tan β.
As we stressed before, our 2HDM parameters in this case are: tan β, M A and M H± . For simplification, we use the MSSM sum-rules to fix charged Higgs mass and α by using tan β, CP-odd mass M A and a SUSY scale which we take at 1 TeV. CP-odd mass will be varied from 100 GeV to 600 GeV without worrying about perturbativity. tan β is taken to be > ∼ 0.1. We present our numerical results for A 0 →sb in 2HDM-II in fig. (6) . As can be seen from the left plot, the Branching ratio Br(A 0 →sb) is greater than 10 −5 only for small 
Conclusions
In the framework of the 2HDM with natural flavor conservation, we have studied various Higgs FCNC Φ →sb. The study has been carried out taking into account the experimental constraint on the ρ parameter and also perturbativity constraints on all the scalar quartic couplings λ i . Numerical results for the branching ratios have been discussed. We emphasized the effect coming from both top and bottom Yukawa couplings and pure trilinear scalar couplings such as h 0 H + H − and H 0 H + H − . We have shown that, in 2HDM-I and 2HDM-II, the branching ratios of Higgs FCNC {h 0 , H 0 , A 0 } →sb are enhanced for small tan β, rather light charged Higgs boson and large soft breaking term λ 5 . The branching ratio of Br({h 0 , H 0 } →sb) can reach the level of 10 −4 → 7 × 10 −4 which is comparable to size of SUSY predictions [10, 12] . In the case of light CP-even m h 0 ≈ 100 → 160 GeV, we have also shown that the branching ratio of Br(h 0 →sb) is well below Br(h 0 → γgamma). This is also the case in the fermiophobic limit of 2HDM-I.
